Using seismically-observed basement structure as an offset marker
INTRODUCTION
Beginning with its recognition as a major fault in the aftermath of the great earthquake of 1906, study of offset along the San Andreas fault has mirrored the development of modern tectonic theory peppered with innovation, and major revisions of thought and controversy, often of a persistent nature. Is displacement strike slip or dip slip? Is it measured in kilometres, tens of kilometres or hundreds of kilometres? When did motion begin? Has it been steady through the fault s lifetime? How has the fault s geometry changed? That these questions have endured is a testament to the difficulty of measuring fault offset. Marker formations hundreds of kilometres apart must be identified, mapped, and correlated; piercing points must be extrapolated from irregular contacts and uncertain contours; and, ages must be determined.
In central California the San Andreas fault is well exposed, linear at the scale of Figure 1A and compared to southern California part of a simple right-lateral strain system. Displacement since the early Miocene is determined to be 300-320 km, on the basis of cross-fault correlation of the Pinnacles and Neenach volcanic formations (Matthews, 1976) an estimate of San Andreas basement offset in central California is still needed to delimit initiation of movement on the San Andreas (Stanley, 1987; Graham et al., 1989) , constrain slip on the San Gregorio-Hosgri and Rinconada-Reliz fault systems (e.g., Graham and Dickinson, 1978) , and to provide an important boundary condition on total slip in southern California (e.g., Powell, 1993; Matti and Morton, 1993) . Revenaugh (1995a; 1995b) and Revenaugh and Mendoza (1996) document a migration algorithm capable of mapping crustal scattering variability using teleseismic earthquakes recorded by a regional seismic network. Unlike tomography that maps velocity perturbations, the method maps variations in a non-dimensional indicator of scattering intensity. Specifically it estimates the local significance of scattering, or scattering potential. Over the scale length of the migration operator (~60 km), the estimator is uniform, such that closely spaced scatterers have potentials proportional to their relative scattering strengths. Scattering is the product of elastic heterogeneity, in particular, abrupt variation in shear and compressional wave velocity and density. Metre-scale and larger cracks and faults appear to play a prominent role in crustal scattering (Revenaugh, 1995b; Aki, 1995) , but other structures, such as intrusive contacts and tight folds, are important also. the scattered-wave image is a vertical average of scattering intensity within the upper ~15 km of crust, the offsets are substantially for basement rocks and should be cumulative. Figure 1B displays teleseismic P to S scattering potential in the San Andreas fault zone of central California. The image was derived from analysis of 8295 seismograms of 215 earthquakes recorded by the Northern California and Southern California Seismic Networks between 1980 and 1994. Along the San Andreas, station coverage is good, but in places the coverage approximates a linear array resulting in some offfault circular blurring of the scattering image. Nonetheless, typical resolution is sufficient to distinctly image scatterer volumes separated by as little as 10 km. We find little evidence of the San Andreas fault in scattering, much as observed for the San Jacinto fault and the San Gorgonio Pass stretch of the San Andreas fault system in southern California (Revenaugh, 1995b) . The central creeping zone and adjacent Parkfield segments are associated with slightly elevated mean scattering levels, but are not otherwise apparent. In interpreting this, it must be remembered that the relation of scattering potential to absolute scatterer strength is local. High potential scatterers are locally strong, but in regions of low overall scattering, a high potential scatterer need not be strong in a global sense. A consequence of this behavior is that any long expanse of fault associated with high scattering strength will be marked by scattering potential highs at the ends rather than a continuous high. Thus if scattering is strong throughout the creeping zone it is unlikely that we would image it as an extended zone of high scattering potential. What we image are the shorter wavelength (≤30 km) variations.
METHOD
Profiles of scattering potential along the southwest and northeast sides of the San Andreas fault were obtained by averaging scattering potential within boxes measuring 15 km in the fault-normal Cumulative offset of the San Andreas fault in central California: A seismic approach Using seismically-observed basement structure as an offset marker Method: observe scattering potential profile along both sides of SAF, then autocorrelate profiles (that is, line them up optimally).
• Uses teleseismic P to S wave scattering.
• Scattering potential-high if there are many variations of seismic velocity in a small area.
• NOT tomography. This is more like migration, for those of you who know/care.
at the southeastern and northwestern ends of the mapped fault zone and linearly interpolating offset between them. We tested right-lateral offsets between 0 and 400 km at 2 km intervals, limiting the increase (or decrease) of offset along the fault to 200 km to avoid excessive profile stretch. The preferred model, i.e., the model yielding the greatest correlation coefficient (r = 0.65), has a mean offset of 315 km; displacement decreases from 320 km at the southernmost extent of the study area to 311 at the northern limit of overlap (Figure 2A) . Before bounding the uncertainty of this estimate, we first document its significance since many offset models were tried and the possibility of spurious correlation is real. Although removal of a running mean largely eliminated autocorrelation peaks at large lag distances, the profiles remain autocorrelated at short lags, such that there are fewer degrees of freedom than scattering potential pairs in the correlation. To estimate the former, we divided the length of offset profile overlap by 6 km the variogram range (e.g., Journel and Huijbregts, 1978) . By this method, the preferred offset model has 28¡ of freedom and a correlation significance in excess of 99.99% (<1 in 10 000 chance of occurrence in uncorrelated data). By comparison, the secondhighest correlation peak (r = 0.45; mean offset of 279 km) attains 98.8% significance while correlation at zero offset (r = 0.26) falls just shy of 98% (Fig. 2B) . Although both are highly significant, they are more than two orders of magnitude more likely to occur by chance than the peak correlation and are entirely in keeping with the number of independent offset models tested. We conclude that if the peak correlation is chance, it is a rare chance. 124 GEOLOGY, February 1997 Using seismically-observed basement structure as an offset marker
Results:
• Possible mean offset of 306 km to 319 km • The correlation has less than 1/10,000 chance of occuring in random data. 
Offset Cretaceous mafic rocks
Gabbroic rocks at Eagle Rest Peak, Gold Hill, and Logan are similar. 
K/Ar dates

Provenance of Cretaceous mafic clasts
Conglomerate and sandstone at Gualala appears to be composed of clasts of Logan/Gold Hill/Eagle Rest Peak rock.
Implication: 560 km of offset 
Pinnacles-Neenach
• The most famous, most convincing offset marker.
• Early Miocene (23.5 Ma) volcanic sequence.
• Ten rock types found in the sequence.
Field, petrographic, and geochemical characteristics are identical at the two sites. 
